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We propose a correction of standard big bang nucleosynthesis (BBN) scenario to resolve the
primordial lithium problem by considering a possibility that the primordial plasma can deviate
from the ideal state. In the standard BBN, the primordial plasma is assumed to be ideal, particles
and photons satisfying the Maxwell-Boltzmann and Planck distribution, respectively. We suggest
that this assumption of the primordial plasma being ideal might oversimplify the early universe
and cause the lithium problem. We find that deviation of photon distribution from the Planck
distribution, which is parameterized with the help of Tsallis statistics, can resolve the primordial
lithium problem when the particle distributions of the primordial plasma still follow the Maxwell-
Boltzmann distribution. We discuss how the primordial plasma can be weakly non-ideal in this
specific fashion and its effects on the cosmic evolution.
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Big bang nucleosynthesis (BBN) is one of the most
convincing evidences for the hot big bang cosmol-
ogy. The precise measurement of the cosmic mi-
crowave background (CMB) and the accordingly de-
termined value of the baryon-to-photon ratio, η =
(6.094± 0.063)× 10−10 [1], imply that there is no free
parameter left in the standard model of BBN (SBBN),
which describes the formation of the lightest nuclides,
such as D, 3He, 4He, and 7Li. The predicted abundances
of SBBN are in remarkable agreement with the spectro-
scopic observations for deuterium and helium isotopes.
Thanks to this success of SBBN, BBN plays a crucial role
in constraining new physics beyond the standard model
of particle physics and cosmology [2], e.g., dark matter
and dark energy search, etc.
However, the unexplained remains; the relic abundance
of 7Li inferred from observations is significantly below the
predicted value of SBBN. This discrepancy referred to as
“primordial lithium problem” could reflect a difficulty in
observationally determining the primordial lithium abun-
dance [3], or make a room for new physics that can give
a modification of the SBBN [4]. While these possible
solutions involving additional hypotheses still need to
be cross-verified experimentally or observationally, it is
worth checking if the basic assumptions present in the
SBBN were oversimplifying the early universe and thus
overestimating the lithium abundance.
In the current scenario of the SBBN [5], the formation
of the light elements is initiated by the neutrino freeze-
out during the radiation-dominated era and lasts until
the temperature of the primordial plasma is ∼ 109K.
(This temperature corresponds to a time scale of a few
minutes in the cosmic evolution.) At this epoch, the
universe is assumed to evolve with an idealized thermo-
dynamic process. Note that assuming the adiabatic ex-
pansion of the universe without any heat flux into it is
reasonable. During the expansion, the universe contin-
ues to find a new equilibrium as long as the thermonu-
clear reaction rates are greater than the cosmic expan-
sion rate. Such an assumption of the isentropic expansion
of the universe, which is ideal, seemingly stands to rea-
son. However, taking idealization a step further should
be done more carefully. For instance, constituents of the
primordial plasma are usually treated as ideal gases in
the SBBN, which, so-called ideal plasma, could be ques-
tionable.
A plasma can be characterized by the plasma param-
eter, Γ = n
1/3
e (Ze)2/(kBT ), defined as the ratio of the
mean potential energy to the thermal kinetic energy [6].
The plasma of Γ & 1 is classified as a non-ideal plasma
whereas the ideal plasma corresponds to the case of
Γ ≪ 1. Since the free electron density, ne, decreases
rapidly with the evolution of the universe, the primor-
dial plasma could be regarded as ideal even in the low-
temperature BBN era (T . 108K). The chemical poten-
tial of electrons, on the other hand, is known to become
large, µe/(kBT ) & 1, at T . 10
8K due to the charge
neutrality and disappearance of positrons at low temper-
atures [7]. Such changes in fugacity indicate that the
primordial plasma of degenerate electrons at T . 108K
possibly deviates from ideal plasma.
In Ref. [8], it has been pointed out that the collective ef-
fects, e.g., plasma waves, in the weakly non-ideal plasma
could invoke meaningful deviations from an ideal black-
body curve in the electromagnetic spectrum. As a result,
not only the photon energy density in the early universe
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2but also the photo-disintegration reaction rate can be af-
fected with a distorted photon distribution.
Out of twelve main reactions in the SBBN [5], only
four are affected by a photon distribution in their inverse
reactions:
p + n→ D+ γ , (1)
D + p→ 3He + γ , (2)
3He + 4He→ 7Be + γ , (3)
T + 4He→ 7Li + γ . (4)
It is noticeable that the sequence of the nuclear reactions,
(1)-(3), is in order to produce 7Be. The theoretical ex-
cess in the final abundance of 7Li is mainly attributable to
the radioactive decay of the entire 7Be to 7Li via electron
capture. If the photon distribution in the BBN plasma
is slightly distorted in such a way to have a little extra
energy due to the collective modes of the plasma, which
is able to enhance the rates of photo-disintegration reac-
tions, the enhanced rates will reduce the abundance of
7Be and thus of 7Li eventually.
In this respect, we propose, as a proper solution to the
primordial lithium problem, the BBN that undergoes a
transition from ideal to weakly non-ideal plasma at some
temperature, Ttr. Relatively hot BBN at T > Ttr, in
which the condition of Γ ≪ 1 holds, can be treated yet
in the SBBN. The plasma non-ideality is unveiled in the
cool BBN at T < Ttr.
In order to represent the plasma non-ideality below
Ttr, we make the photon distribution distorted from the
Planck distribution, adopting a generalized Planck dis-
tribution by Tsallis statistics [9, 10],
fq =
1[
1− (1− q) Ek
B
T
] 1
q−1
− 1
, (5)
where q determines the extent of the deviation. For ex-
ample, the value of q > 1 causes enhancement in the
high-energy tail of the distribution function, while the
standard Planck distribution is easily recovered in the
limit of q → 1. Tsallis statistics, which was invented by
Tsallis [9] and applied for description of non-equilibrium
statistical systems, has been used in the BBN calculation
of Refs. [11–13] to describe non-Maxwellian velocity dis-
tributions for matter particles in a non-thermal plasma.
Here we want to clearly emphasize that we do not change
the standard Maxwell-Boltzmann (MB) distribution for
nuclei velocity distribution since the distribution function
of nuclei at thermodynamic equilibrium is given by the
Maxwellian distribution [7] and the deviation by ther-
malization processes, e.g., electron-nucleus scattering, is
inconsiderable [14].
Now we assume a step function delineation in which
Ttr separates the weakly non-ideal state (T ≤ Ttr) from
the ideal plasma (T > Ttr):
q(T ) = θ(T − Ttr) + θ(Ttr − T ) q
′ , (6)
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FIG. 1. The reaction rate of 7Be(γ, α)3He as a function of
temperature. Red dashed line for q = 1 corresponds to the
standard Planck distribution and black solid line for q ′ =
1.027 and Ttr = 4× 10
8K.
with q ′ 6= 1. In reality, the transition from ideal to
weakly non-ideal plasma could occur smoothly as the
universe cools down. Although the step function delin-
eation between ideal and weakly non-ideal plasma seems
schematic, it is valid as the simplest ansatz because it
does represent the transition to the weakly non-ideal
plasma state in BBN. With this leadup, the strategy pur-
sued in this study is reduced to finding a satisfactory
combination of (q ′, Ttr) for the BBN abundances.
The modified photon distribution, Eq. (5) with q 6= 1,
changes the following physical quantities: reaction rates
of photo-disintegration processes, photon number, and
energy density in comparison with the standard case with
q = 1.
For a reaction in the form of
1 + 2→ 3 + γ
such as (1)-(4), the reverse reaction rate with q, an ex-
ample of which is displayed in Fig. 1, can be written as
Nγq 〈σc〉3γq =
m12
pi2~3
g1g2
g3(1 + δ12)
×
∫ ∞
0
σ12(E)E
1[
1− (1− q)E+Qk
B
T
] 1
q−1
− 1
dE ,
(7)
where m12 is the reduced mass of particles 1 and 2, and
Q is the Q-value of the forward reaction. In Eq. (7), the
forward cross section, σ12, has replaced the endothermic
one, σ3γ , using a detailed balance relation between the
forward and reverse cross sections,
σ3γ(Eγ) =
g1g2
g3(1 + δ12)
m12 c
2E
E2γ
σ12(E) , (8)
with spin degeneracy factor gi = 2Ji + 1 with the spin
Ji and photon energy Eγ = E +Q. The photon number
3SBBN This work Observation
Yp 0.2474 0.2474 0.2446 ± 0.0029 [17]
D/H
(
10−5
)
2.493 2.525 2.527 ± 0.03 [18]
3He/H
(
10−5
)
1.092 0.9253 ≤ 1.1 ± 0.2 [19]
7Li/H
(
10−10
)
5.030 1.677 1.58 ± 0.31 [20]
TABLE I. Calculated final abundances of 4He (Yp: mass frac-
tion) and other nuclei (number ratio) relative to hydrogen in
comparison with observational data, using the following in-
put values: the baryon-to-photon ratio η = 6.031 × 10−10,
neutron mean lifetime τn = 880.2 s [21], and effective number
of neutrino species Neff = 3.046 [22].
density, Nγq, in Eq. (7) is also generalized with q [10],
Nγq =
1
pi2~3c3
∫ ∞
0
E2γ[
1− (1− q)
Eγ
k
B
T
] 1
q−1
− 1
dEγ . (9)
It is evident that, for q → 1, Eqs. (7) and (9) become con-
sistent with the Planck law and Ref. [15]. Enhancement
of the photodisintegration reaction rate at low tempera-
ture, as shown in Fig. 1, contributes to drastically reduc-
ing the final abundances of the light elements.
The q-dependent energy density of photon is given
as [16]
ργ =
(kBT )
4
(~c)3
pi2
15
1
(4− 3q)(3− 2q)(2− q)
. (10)
For q > 1 of concern, photons have additional energy den-
sity in comparison with the standard case of q = 1. The
condition, ργ (q=1) = ργ (q>1), for the energy conservation
at the moment of transition leads to the sudden tem-
perature drop. This temperature drop causes the slight
increase in the final abundance of deuterium because it
advances the freeze-out time of the light elements due to
the reduced two-body nuclear reaction rates.
Taking all the contributions mentioned so far into ac-
count in the BBN network calculation, we found that the
calculations with
Ttr = 4× 10
8K , q ′ = 1.027 (11)
account for the up-to-date observational data. Table I
shows that the calculated abundances are consistent with
those of observations within the errors. The 4He mass
fraction, Yp = 0.2474, does not differ from the SBBN
prediction because it is decoupled at T > Ttr (i.e., at
early times) and unaffected later by the transition to
the weakly non-ideal plasma. Adopting the updated
S-factor of D(p, γ)3He [23, 24] in the SBBN results in
the deuterium abundance, D/H = 2.493× 10−5, which
lies marginally outside the observational error bound-
aries given in Ref. [18]. However, the final deuterium
abundance, D/H = 2.525× 10−5, predicted in our model
is slightly larger and gets closer to the central value of
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FIG. 2. The evolution of light element abundances (upper
panel) and q(T ) (lower panel) as a function of temperature.
The solid and dashed lines stand for our solution and the
SBBN, respectively.
the observational data. For the 3He abundance, differ-
ence between the SBBN result and ours is not large (see
also Table I) and the reason is that due to a large Q-
value (Q = 5.493MeV), the 3He(γ, p)D reaction stops
before the temperature cools down to Ttr. However
the distorted photon distribution in our model makes
this destructive process of 3He reactivated at T ≤ Ttr.
Both the 3He abundances predicted by SBBN and our
model are obtained safely below the observational upper
limit of (1.1 ± 0.2) × 10−5. Finally the 7Li abundance,
which is the major concern of this study, is predicted
as 7Li/H = 1.677× 10−10 that is in remarkable agree-
ment with the observed value [20]. Right after the tran-
sition, the enhanced reaction rate of D(γ, n)1H produces
more neutrons that increase 7Li/H through the reaction
of 7Be(n, p)7Li (see the bumps in the abundance curves
right below the transition temperature in Fig. 2). How-
ever, as time goes by, the reaction 7Li(p, α)4He continues
to destroy 7Li until equilibrated. (Although the photo-
disintegration of 7Li is enhanced after the transition,
7Li(p, α)4He still dominates the 7Li destruction.) There-
fore, the significant reduction of the final abundance of
7Li in our calculation compared to that in the SBBN
comes from the more destruction of 7Be, due to the en-
hanced rates of 7Be(n, p)7Li and 7Be(γ, α)3He after the
transition, which eventually decays to 7Li via electron
capture (see Fig. 2).
It is also shown in Fig. 2 that the transition tempera-
ture, Ttr = 4× 10
8K, is located near the inflection point
of the neutron abundance curve, at which the destruction
rate of neutron slows down. This means that neutron
capture, which continues to convert a simple electron-
proton plasma, that is the initial state of BBN, to a more
complex plasma having multi-charged nuclides, occurs
rapidly before the transition. Moreover Ttr is surprisingly
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FIG. 3. Primordial abundances as a function of baryon-to-
photon ratio. Green dashed and blue solid lines indicate
the SBBN and our solution, respectively. Red boxes are ob-
servational data of each abundance and shaded yellow area
shows the CMB constraint on the baryon-to-photon ratio:
η = (6.094± 0.063) × 10−10. In our model, lithium solutions
are found at 6.031 < η × 1010 < 6.070.
consistent with the temperature at which electron chemi-
cal potential starts to increase [7]. Therefore, our findings
support the idea of our BBN scenario with a transition
from ideal to weakly non-ideal plasma self-consistently.
Fig. 3 plots the abundance of each element predicted by
SBBN and our model as a function of baryon-to-photon
ratio. Note that in our model, the baryon-to-photon ratio
decreases at the transition due to the distorted photon
distribution and we additionally assume that the Planck
distribution is restored sometime between the end of
BBN and the recombination epoch in order to be consis-
tent with the present CMB observation. From Fig. 3, we
find that the predicted primordial abundances can con-
strain the possible value of baryon-to-photon ratio when
they are compared with the observations. For example,
the strongest constraint on the baryon-to-photon ratio
comes from the primordial deuterium abundance such
that the solution to the deuterium abundance can not be
found when η > 6.050× 10−10. Together with the CMB
constraint, we are able to narrow down the possible range
of the baryon-to-photon ratio to 6.031 < η×1010 < 6.070.
Lastly, a question arises as to how the distorted photon
spectrum could be restored to the observed blackbody
spectrum of CMB whose possible distortions are limited
to ∆ργ/ρCMB < 10
−5 since COBE/FIRAS [25, 26]. Our
model is based upon the idea that the distorted photon
distribution is caused by collective effects in the weakly
non-ideal plasma. Then, an idea to consider is that the
restoration occurs by means of Landau damping defined
as damping of a collective mode of oscillations in a plasma
where collisions between the charged particles are negli-
gibly rare: i.e., interaction between plasma waves and
non-relativistic ions through the plasma epoch between
BBN and recombination. Although this is an important
question and should be investigated in more detail, fur-
ther discussion is beyond the scope of the current paper
since such nonlinear processes are adequately described
by kinetic theory.
In summary, the present work proposes a suitable cor-
rection of plasma properties to the standard BBN sce-
nario. Perceiving that the BBN plasma could not be
perfectly ideal at T . 108K, we considered the BBN
plasma to be weakly non-ideal at T ≤ Ttr and used
the distorted photon distribution in order to parametrize
the non-ideality that causes the deviation of a blackbody
spectrum of electromagnetic field in a plasma. With this
correction, the calculated primordial abundances of the
light elements are in excellent agreement with the re-
cent observational data up to 7Li as shown in Table I.
There are two main contributions of the distortion of
photon distribution to the final abundances. The photo-
disintegration processes of light elements are enhanced,
which plays a crucial role in reducing the primordial 7Li
abundance. The change in photon energy density, on the
other hand, makes the freeze-out time of light elements
earlier so that the deuterium abundance is improved. It
is advantageous that the physical idea behind our calcula-
tion is based just on the fundamentals of plasma physics,
which will be discussed in more details in the future stud-
ies.
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